Since Chang and Jackson in 1957 introduced their procedure for the fractionation of soil phosphorus, this method has been employed in numerous works in various parts of the world (e.g. 2, 4, 5, 6, 8, 9, 10, 11, 13, 15, 16, 17, 18, 20, 21) . In spite of the criticism to which the method has been subjected (1, 7, 13, 18, etc.) , it has aided in clarifying the difficult problem of the estimation of soil phosphorus bound by different components. Particularly important is the possibility to determine separately the aluminium bound phosphorus and the iron bound phosphorus, even though this differentiation may not be quite exact.
In a previous paper (15) the writer published results on the fractions of inorganic phosphorus in various layers of some mineral soils in Finland. In the present work, a larger material is analyzed, and an attempt is made to find some of the factors on which the distribution of the soil inorganic phosphorus into variously bound fractions may depend.
Material and methods
The material of the present work consists of 363 samples of mineral soils collected from various parts of the country. There are 213 samples from the plough layer of cultivated soils, 25 samples from the surface layer of virgin soils, mostly forest soils, and 125 samples from the deeper layers of virgin and cultivated soils from the depths between 20 cm and 70 cm.
According to the results of the mechanical analysis, the soils were grouped into the following textural classes accepted in Finland: The total content of inorganic phosphorus represents the difference between the total content of phosphorus determined by the fusion method (19) The mean values for the content of inorganic phosphorus tend to increase from sand to clay samples. The cultivated surface soils appear to be richer in inorganic phosphorus than the corresponding groups of virgin surface soils, probably because of the application of phosphate fertilizers, and the fact that soils of a higher fertility are likely to be reclaimed. Owing to the large variation in the content of inorganic phosphorus in each soil group, statistically significant differences between the group means exist in a few cases only.
The acid ammonium oxalate solution seems to extract more aluminium than iron from the soils of a coarser texture, while this tendency is less marked in the soils of the finer texture, as far as it may be found at all. The cultivated surface samples of the clay soils tend to be, on the average, significantly richer in iron than those of the sand and fine sand soils, and a similar tendency may be found also in regard to the content of aluminium. In the deeper layers, however, the sand and fine sand soils appear to contain more aluminium than do the corresponding samples of clay soils.
Fractions of inorganic phosphorus in various kind of soils
The results of the fractionation of inorganic phosphorus in the samples are recorded in Table 2 as mean values for the various groups of soils. »Al-P» stands for the fraction soluble in alkaline NH 4 F, »Fe-P» stands for the alkali-soluble fraction, and »Ca-P» for the acid-soluble part of inorganic phosphorus.
The highest average content of »Al-P» is found in the surface samples of the sand soils, the fine sand soils of the corresponding layer coming second with a statistically equal mean value. In general, the content of the phosphorus supposed to be bound by aluminium is distinctly higher in the plough layer than in the deeper layers or in the virgin soils. This, obviously, is due to the accumulation of a large part of the fertilizer phosphorus into this fraction (13) . Even in the deeper layers, the samples of sand and fine sand soils tend to contain more »Al-P» than the other soils.
In the groups of the cultivated soils, the content of alkali-soluble phosphorus is, on the average, distinctly higher than that of the fluoride-soluble phosphorus except in the samples of sand and fine sand soils in which these fractions seem to be almost equal. The clay soils tend to contain more »Fe-P» than the sand and fine sand soils, but, owing to the large variation, the differences between the mean values are only in a few cases statistically significant. Apparently, a part of the fertilizer phosphorus has accumulated also in this fraction, since the samples of the deeper layers and those of the virgin soils seem to contain less iron bound phosphorus than do the plough layers of the corresponding soil groups.
The fraction of the acid-soluble phosphorus which is supposed to be bound by calcium has the lowest mean values in the sand and fine sand soils. The silt and the silty clay samples of the cultivated surface soils seem to have a fairly high average content of »Ca-P». It is noteworthy that the plough layer is not richer in the acid-soluble phosphorus than the deeper layers. This is in accordance with the observations that, in our soils, the soluble fertilizer phosphorus will seldom accumulate into this fraction (13) . It has been found that often in our soils, the calcium bound phosphorus fraction will increase with the depth at the expence of the aluminium and iron bound fractions (15) . According to the present average values, the fraction of the »Ca-P» appears to be of the same order, at least, as that of the »Fe-P», and thus higher than the »Al-P» fraction, except in the plough layer of the sand and fine sand soils where all these three fractions are, on the average, equal.
The reductant soluble phosphorus, or phosphorus dissolved by the dithionitecitrate reduction chelation procedure is supposed to represent iron phosphate the solution of which during the alkali-treatment is prevented by an iron oxide coating. The mean content of this kind of phosphorus tends to be in the plough layer of the sand and fine sand soils lower than the Al-bound fraction, but in all the other groups it is at least of the same order, or even higher than this first fraction. In the samples of the cultivated surface soils, the reductant soluble phosphorus seems, on the average, to be lower than the alkali-soluble fraction; in the deeper layers and in the virgin soils differences between these two fractions are not significant.
According to Chang and Jackson (3) , the last fraction determined, or the occluded phosphorus, is likely to be mainly aluminium phosphate and some barrandite-like aluminium-iron phosphate. This fraction is very low in all the samples of sand, fine sand, loam and silt, but in the samples of the clay soils somewhat higher values were obtained. Since the applied phosphate fertilizers are not supposed to be accumulated in the fractions of the reductant soluble or occluded phosphorus, there are no reasons to expect significant differences in these fractions between the cultivated surface soils and the corresponding kind of soil of the deeper layers or of the virgin soils.
In Table 2 are also recorded the mean values for all the 109 samples of sand and fine sand soils, the 103 samples of loam and silt soils, and the 151 samples of clay soils. The differences in the mean values of these groups may not, however, be attributed to the textural differences only, since the relative numbers of the samples of the cultivated surface soils and those of the deeper layers and of virgin soils are not equal in them. Yet, in spite of the somewhat lower relative number of the cultivated surface samples in the sand and fine sand soil group, this has a higher mean content of the »Al-P» and a lower content of »Ca-P» than the samples of the finer texture.
This tendency to the occurence of larger amounts of fluoride-soluble phosphorus in the sand and fine sand soils than in the other kind of soils is even more distinctly revealed by the relative contents of the inorganic phosphorus fractions reported in Table 3 . The part of inorganic phosphorus extracted by alkali appears to be almost independent on the soil texture, but the percentage of the acid-soluble phosphorus tends to be highest in the loam and silt soils. In the few surface samples of the virgin sand and fine sand soils, poor in total inorganic phosphorus, the reductant soluble fraction appears to be fairly high; in all the other groups the relative content of this fraction is almost of the same rather low order. The occluded phosphorus shows some tendency to higher proportions in the clay soils. In all the soil groups, except in the cultivated surface samples of sand and fine sand and clay soils, the average proportion of the acid soluble fraction is significantly higher than those of the other fractions. This calcium bound phosphorus is the dominating form of the inorganic phosphorus extracted in almost 60 per cent of all the samples. Table 4 shows in more detail the distribution of the samples in the various groups according to their dominant form of inorganic phosphorus extracted. Only in the surface layer of sand and fine sand soils the »Fe-P» is dominating in a higher number of samples than is the case with the »Ca-P». It is of interest to notice that there are samples in which the aluminium bound fraction is the largest one, and that this is not only the case with one fifth of the surface samples of sand and fine sand soils, but in one tenth of the samples of the deeper layers of these soils, and even in the surface samples of some clay soils. These latter soils have a particularly high content of oxalate-soluble Al. The number of the samples of the virgin surface soils in which the reductant soluble phosphorus represents the largest fraction is remarkable. Attention must be paid to the fact that the sum of the amounts of phosphorus in the five fractions determined is lower than the corresponding total amount of inorganic phosphorus calculated as the difference of the contents of total phosphorus and organic phosphorus. In the various groups this average deficit varies from 65 to 150 ppm or from 12 to 32 per cent of the content of total inorganic phosphorus. This residual phosphorus is of the same order as found by Madl (18) . He supposes that this phosphorus belongs to apatite occurring inside of silicate and quartz crystals. In the present material it represents amounts which are of the same order as alkali-soluble phosphorus in the unfertilized soils. Thus the proportion of inorganic phosphorus bound by calcium would be markedly higher than the figures for the acid-soluble fraction indicate. An examination of the individual cases show that only in very few samples, mostly Litorina soils, this total calcium bound phosphorus would be lower than the sum of the alkali-soluble and reductant soluble fractions.
Factors connected with the distribution of inorganic phosphorus into various fractions
The occurence of phosphorus bound by sesquioxides or calcium is supposed to depend on the soil reaction, the former being dominant in the acid soils and the latter in soils with a higher pH. In the present material the distribution of the (Table 5 ). According to the total linear correlation coefficients between pH and »Al-P», »Fe-P» or Ca-P», respectively, only in the virgin surface soils, and in the samples of loam and silt soils and clay soils from the deeper layers a somewhat closer positive correlation may be found between pH and »Ca-P». The negative correlation found between pH and the »Fe-P» in the deeper layers of the soils of the finer texture is rather low, and in the sand and fine sand soils even a low positive correlation appears to exist between these variables. Also the connection between the »Al-P» and pH is mostly negligible with the exception of a low negative correlation in the deeper layers of the loam and silt soils. The total linear correlation coefficients were calculated also for the relation between pH and the three forms of phosphorus expressed as a percentage of the total amount of inorganic phosphorus extracted by the procedure. These results are of the same order as the former ones, only the low positive correlation between pH and the various fractions in the sand and fine sand soils disappears, and the relation between pH and »Fe-P» in some of the groups seems to be more in accordance with the theories (cf. Table 7 , the column »r 13 »).
The dependence on the pH of the relation of the »Fe-P» with the two other forms was studied by calculating the correlation coefficients also reported in Table 5 . It could be supposed that the higher the pH is the higher would also be both the ratios »Al-P»/»Fe-P» and of »Ca-P»/»Fe-P». This, however, does not appear to be the case except for the latter ratio, in the samples of loam and silt soils from the deeper layers.
Thus, it seems that in the present material the soil pH is not playing any important role among the factors on which the distribution of the inorganic phos- It is likely that the contents of active aluminium and iron will, at least to some extent, regulate the occurence of phosphorus in the forms soluble in fluoride or in alkali. The correlation coefficients between the »Al-P» and aluminium extracted by acid ammonium oxalate (Table 6 ) are in the present material positive, but rather low. The correlation between the »Fe-P» and iron extracted by acid ammonium oxalate appears to be closer, particularly in other groups than sand and fine sand soils. In these soils, on the other hand, the ratio of these forms of phosphorus seems to be fairly closely connected with the ratio of ammonium oxalate soluble aluminium to iron.
The further statistical studies indicated that only a very low part of the variation in the content of aluminium bound phosphorus expressed as the percentage of the total content of inorganic phosphorus extracted could be explained on the basis of the variation in the content of ammonium oxalate soluble aluminium and soil pH. Only in the samples of the deeper layers of the loam and silt soils this part was as high as 69 per cent. The results obtained for the relations of the relative content of iron bound phosphorus and ammonium oxalate soluble iron and soil pH are reported in Table 7 . It may be found that in the clay soils these both variables explain from 74 to 86 per cent of the variation in the relative content of »Fe-P». In the present study, the dominance of calcium bound phosphorus even in acid soils, and the very low correlation between the soil pH and the different phosphorus fractions, in general, are results which may seem to be surprising. Also the relatively high content of aluminium bound phosphorus in sand and fine sand soils is not in accordance with the reports that this kind of phosphorus is likely to be connected to the finer fractions while calcium bound phosphorus is typical to the sand fraction (20, 22) .
The writer finds no reasons to suppose that the high amounts of acid-soluble phosphorus obtained would to any marked degree contain reductant soluble phosphorus. In all the cases studied a second extraction with acid dissolved very little phosphorus (cf. 1). It is therefore likely that the acid soluble fraction represented calcium bound forms the occurence of which may be taken to indicate a fairly low degree of weathering in these soils (4) . The increase in this fraction with depth, found in a previous study (15) , and also pointed out by the present data, corroborates this assumption. Provided the residual inorganic phosphorus not determined in the present work really is apatite inside the mineral crystals, our soils would contain a large proportion of unweathered mineral phosphate.
The fairly high content of fluoride-soluble phosphorus in the sand and fine sand soils may be connected with the relatively high ratio of aluminium to iron in these soils. In the sand and fine sand soils the average ratio of ammonium oxalate soluble aluminium to iron is 2.0 while it in the soils of the finer texture is about 1.2. The corresponding ratios of »Al-P» to »>Fe-P» are 0.8 and 0.3, respectively. Thus in the sand and fine sand soils of the present material, the phosphate dissolved from apatite, or mineralized from organic compounds, or applied as fertilizers, may to a larger extent become bound by the aluminium complex than is the case in the other soil groups. An other problem is why these sand and fine sand soils do contain relatively more oxalate soluble aluminium as compared with the iron content than do the other soils.
It seems that the ratio of the aluminium and iron contents is more important than their absolute amounts in determining the distribution of phosphorus between the aluminium and the iron bound fractions. Also it seems, that variation in the contents of iron and aluminium will to a somewhat higher degree than the soil reaction explain the variation in the »Fe-P» and »Al-P».
In the present paper only linear correlation coefficients between pH and the phosphorus fractions were computed. There appeared, however, to be no reasons to suppose that a curvilinear relationship would have better explained the relation between these variables. It is true that Hsu and Jackson (11) have found curvilinear relation of pH to percentage of »Ca-P» of the total active inorganic phosphorus, but this was the case only within each individual profile.
Relatively little attention has been paid in the present paper to the reductant soluble and occluded phosphorus. The main reason for this is that the writer considers the determination of the former fraction to be liable to marked errors. The results are reported only to give some idea of the order of magnitude of this kind of phosphorus. In no case does it represent in our soils such dominant part of soil phosphorus as is the case in the old soils (1,4).
Summary
Inorganic phosphorus in 363 samples of Finnish mineral soils was fractionated by the procedure of Chang and Jackson.
The average content of total inorganic phosphorus determined as the difference of the total phosphorus and organic phosphorus tended to increase from sand to clay soils. The sand and fine sand soils appeared to be richer in fluoride-soluble phosphorus but poorer in acid-soluble phosphorus than the other groups of soils. The part of phosphorus extracted by alkali seemed to be almost independent on the soil texture.
In about 60 per cent of the samples the acid-soluble phosphorus was the dominant inorganic phosphorus fraction, in spite of the often high acidity of the soil. This, in connection with the rather low content of reductant soluble phosphorus, was taken to indicate the relatively low degree of weathering in these soils.
The higher contents of fluoride-soluble and alkali-soluble phosphorus in the surface samples of the cultivated soils as compared with the corresponding kind of virgin soils or soils from the deeper layers may be mainly attributed to the application of phosphorus fertilizers and to a somewhat higher degree of weathering.
The soil pH did not seem to play any important role among the factors related to the distribution of inorganic phosphorus into various fractions in the present material. This was particularly true in the cultivated surface soils. It is likely, that in our soils the variation in the contents of active iron and aluminium will to a higher degree than pH explain the variation in the fractions of alkali-soluble and fuoride-soluble phosphorus. The relatively high content of the latter fraction in the sand and fine sand soils as compared with the soils of the finer texture could be related to the higher ratio of ammonium oxalate soluble aluminium to iron in the former soils.
